Epidemiological studies indicate that Asian women have a lower incidence of breast cancer compared with their counterparts in the West, and soya consumption has been suggested as a contributory factor. Clinical and animal studies have revealed that cyclooxygenase-2 (COX-2) expression is associated with a risk of breast cancer. In the present study, we investigated the effect of soya isoflavones on the expression of COX-2 in the breast cell line MCF-7. Genistein, daidzein and equol were found to inhibit COX-2 expression induced by phorbol 12-myristate 13-acetate (PMA). Similar findings were observed in the COX-2 protein analysis. In order to study transcriptional control, a fragment of the 5 0 -flanking region of the hCOX-2 gene was amplified and inserted into a firefly luciferase reporter plasmid. The reporter assay indicated that the transactivation of the hCOX-2 promoter was induced by PMA, and activity was inhibited with the co-administration of genistein, daidzein or equol. An activator protein-1 (AP-1)/cyclic AMP response element binding protein (CREB) binding site (259/2 53) was identified in hCOX-2 promoter, and this could be critical in PMA-induced COX-2 expression. Truncation reporter plasmids with (270/236) and without (2 51/2 36) AP-1/CREB were constructed for subsequent analysis. The results revealed that the hCOX-2 promoter transactivation suppressed by isoflavone could be dependent on AP-1/CREB binding. Nonetheless, this study illustrated that the soya isoflavones reduced COX-2 expression, which could be important in the post-initiation events of breast carcinogenesis.
The significance of prostaglandins in carcinogenesis has been identified in many studies. Human malignant tumours show increased concentrations of prostaglandins, which enhance cell proliferation, encourage angiogenesis and protect against apoptosis (Singh & Lucci, 2002) . Prostaglandins can be produced by cyclooxygenases (COX) in tumour tissues. Two forms of cyclooxygenase have been identified, namely COX-1 and COX-2. Because of its ubiquitous expression and the lack of difference observed between normal and malignant tissues (Gupta & DuBois, 2001 ), COX-1 has drawn little attention in cancer research. COX-2 is an inducible form of cyclooxygenase, and its association with various cancers has been demonstrated (Soslow et al. 2000) .
The role of COX-2 in breast cancer has previously been examined. Clinical studies have revealed that COX-2 is overexpressed in the neovasculature of breast tumours, and COX-2 apparently most affects the later stages of cancer development. An overexpression of COX-2 in MCF-7 cells shortens the doubling time and augments the number of cells during the phase of exponential growth, as well as increasing the number of colony formations in soft agar, the invasion across Matrigel basement membrane (BD Biosciences, San Jose, CA, USA) and the expression of vascular endothelial growth factor (Prosperi et al. 2004) . In another breast cancer cell line, Hs578T, overexpression of COX-2 activates metalloproteinase-2 (Takahashi et al. 1999) . These activities may increase the invasiveness of cancer cells and facilitate metastasis. The mechanisms of altered gene expression may account for these undesirable effects. As revealed by Trifan & Hla (2003) , COX-2 may increase the expression of endothelial growth factor receptor, aromatase and Bcl-2.
Activator protein-1 (AP-1) is a crucial transcriptional factor in tumour promotion (Dong et al. 1994) . Previous study has indicated that AP-1 may share the response sequence (259/ 253) of the hCOX-2 gene with cAMP to initiate the transcription (Subbaramaiah et al. 2002b) . Several pathways that involve AP-1 in COX-2 regulation have been identified, these being dependent on the activities of protein kinase C (PKC; Subbaramaiah et al. 1998) , protein kinase A (PKA; Miller et al. 1998) or mitogen-activated protein kinase (MAPK, extracellular signal-regulated protein kinase (ERK)1/2; Sun et al. 2002) in a cell type-specific manner.
Women who take non-steroidal anti-inflammatory drugs have a reduced incidence of breast cancer (Howe et al. 2001) . In animal studies, COX-2 inhibitors have shown some promising results on breast cancer prevention. Celecoxib slows the onset and progression of 7,12-dimethylbenz[a]anthraceneinduced mammary tumours in rats (Harris et al. 2000) , whereas nimesulide reduces the incidence of tumours induced by 2-amino-1-methyl-6-phenylimidazol [4,5-b] pyridine (Nakatsugi et al. 2000) . Moreover, celecoxib also delays the onset of mammary tumours in HER2/neu transgenic mice (Howe et al. 2002) and inhibits oestrogen receptor-negative MDA-MB-231 cell proliferation (Arun et al. 2001) in vitro. These results have demonstrated that COX-2 inhibition may protect against breast carcinogenesis.
Breast cancer is one of the most common cancers in women. Asian countries have lower incidences of breast cancer than the West; however, no difference in breast cancer incidence is found between Asian descendents and the rest of the population in America (Ziegler et al. 1993) . This suggests that environment is a part of the aetiology of breast cancer, and soya consumption has been one of the major leads in investigation. Because various studies have supported the fact that soya isoflavones can protect against breast cancer, the investigation has extended to clinical trials (Greenwald, 2004) .
The mechanism by which soya isoflavones may produce protection is still under scrutiny. Many negative or adverse effects of the compounds have also been reported in several studies. Allred et al. (2004) have even demonstrated that genistein was able to encourage the growth of tumours induced by N-methyl-N-nitrosourea or tumours derived from MCF-7 cells. In addition, Murata et al. (2004) have shown that two metabolites of soya isoflavones can induce DNA damage. The interaction between soya isoflavones and the oestrogen receptor has been a major focus. However, our laboratory (Leung & Wang, 2000; Po et al. 2002) has demonstrated that the apoptosis of MCF-7 cells induced by genistein is not related to oestrogen receptor antagonism.
Considering all the available information, the protection of soya isoflavone against breast cancer could be phenotypespecific and stage-selective. In the present study, we investigated the effect of soya isoflavones on the expression of COX-2, which is associated with the post-initiation stage of breast cancer (Prosperi et al. 2004 ).
Materials and methods

Chemicals
Genistein, daidzein, equol, phorbol 12-myristate 13-acetate (PMA) and the carrier solvent dimethylsulphoxide were purchased from Sigma Chemicals (St Louis, MO, USA). PD98059, bisindolylmaleimide I and 14-22 amide were obtained from EMD Biosciences Inc.(La Jolla, CA, USA). All other chemicals, unless stated, were acquired from Sigma Chemicals.
Cell culture
The protocol was previously described by Po et al. (2002) . In brief, MCF-7 cells (a gift from Dr V. C. Jordan, Northwestern University, Chicago, IL, USA) were routinely cultured in RPMI-1640 media (Sigma Chemicals), supplemented with 10 % fetal bovine serum (Invitrogen Life Technologies, Rockville, MD, USA) and antibiotics (50 U/ml penicillin, 50 mg/ml streptomycin), and incubated at 378C and 5 % CO 2 . Three days before the experiment, the cultures were switched to RPMI-1640 phenol red-free media (Sigma Chemicals) and 5 % charcoal-dextran treated fetal bovine serum (Hyclone, UT, USA). Sub-confluent cell cultures were treated with PMA and various concentrations of isoflavone with dimethylsulphoxide as the carrier solvent. The final concentration of the solvent was 0·1 % v/v, and the control cultures received dimethylsulphoxide only.
Luciferase reporter gene assay
Construction of hCOX-2 activated luciferase reporter gene. A fragment with 1629 bp (2 1665 to 2 36) from the human COX-2 5 0 -flanking region was amplified from genomic DNA isolated from HeLa cells. Primers were designed with the incorporation of Mlu I and Bgl II restriction sites. The amplified product was then digested and sub-cloned into a firefly luciferase reporter vector pTA-Luc (BD Biosciences Clontech, Palo Alto, CA, USA), and the sequence accuracy was verified. This reporter plasmid was designated COX-2D1. Truncated promoters were amplified from the 1629 bp fragment and subcloned into the same reporter vector. Five truncated promoter reporter plasmids, designated COX-2D2 (2 1341/2 36), COX-2D3 (2952/236), COX-2D4 (2 578/ 2 36), COX-2D5 (2 70/2 36) and COX-2D6 (252/2 36), were constructed. COX-2D5 (2 70/236) and COX-2D6 (2 52/2 36) were designed to include or exclude AP-1/ CREB, which was the only identified response element within the sequence 2 70/2 52 of hCOX-2.
Dual luciferase assays. MCF-7 cells were seeded at 10 5 cells/well in twenty-four-well plates. After 24 h, the cells were transiently transfected with 4·0 mg hCOX-2 reporter plasmid and 1·0 mg Renilla luciferase control vector pRL (Promega, Madison, WI, USA) in LipofectAmine (Invitrogen Life Technologies). After 16 h, the medium was removed and the cells were treated with PMA, soya isoflavone or protein kinase inhibitors for 6 h. The amounts of these two luciferases were determined using Dual-Luciferase Assay Kit (Promega). Luciferase bioluminescence was quantified by using a FLUOstar Galaxy plate reader (BMG LabTechnologies, Offenberg, Germany. The transactivation activities of the hCOX-2 promoter represented by firefly luciferase light units were then normalised with the light units of Renilla luciferase.
Quantitative real-time PCR assay
MCF-7 cells were seeded in a six-well plate for 1 d before treatment. The medium was removed, and cells were cultured in the presence of 1 mM PMA and soya isoflavone. After 6 h treatment, total RNA was extracted from the cells using TRIzol reagent (Invitrogen, Carlsbad, CA, USA). The concentration and purity of RNA were determined by absorbance at 260/280 nm. First, DNA strands were synthesised from 3 mg total RNA using oligo-dT primers and moloney murine leukemia virus reverse transcriptase (USB Corporation, Cleveland, OH, USA). Target fragments were quantified by real-time PCR, and an ABI prism 7700 Sequence Detection System (Applied Biosystems, Foster City, CA, USA) was employed for this assay. Taqman/VIC minor groove binder probes and primers for COX-2 and glyceraldehyde-3-phosphate dehydrogenase (Assay-on-Demand TM ) and real-time PCR Taqman Universal PCR Master Mix were all obtained from Applied Biosystems. PCR reactions were set up as described in the protocol, which was validated by the manufacturer. Signals obtained for GAPDH were used as a reference housekeeping gene to normalise the amount of total RNA amplified in each reaction. Relative gene expression data were analysed using the 2
2DDC
T method (Livak & Schmittgen, 2001 ).
Western blot analysis
Cells were washed once with PBS (pH 7·4) and harvested into a 1·5 ml microtube with 0·5 ml lysis buffer (PBS, 1 % NP40, 0·5 % sodium deoxycholate, 0·1 % SDS). The lysis buffer contained protease inhibitors (40 mg/l phenylmethyl sulphonylfluoride, 0·5 mg/l aprotinin, 0·5 mg/l leupeptin, 1·1 mmol/l EDTA and 0·7 mg/l pepstatin). The harvested cells were then lysed with a cell disruptor (Branson Ultrasonics Corp., Danbury, CT, USA) on ice for 30 s. The protein concentration of cell lysate was determined by Dc protein assay (BioRad, Richmond, CA, USA). Lysate protein 50 mg was separated on 10 % SDS-PAGE and transferred on to an Immobilon Polyvinylidene difluoride membrane (Millipore, Bedford, MA, USA). Anti-COX-2 (Cayman Chemicals, Ann Arbor, Michigan, USA), anti-actin primary (Sigma Chemicals) and secondary antibodies conjugated with horseradish peroxidase (Santa Cruz Biotechnology, Santa Cruz, CA, USA) were used for protein detection. An enhanced chemiluminescence Detection Kit (Amersham, Arlington Heights, IL, USA) provided the chemiluminescence substrate for horseradish peroxidase, and the targeted protein was visualised by autoradiography.
Statistical methods
A Prism
w 3.0 software package (GraphPad Software, Inc., San Diego CA, USA) was utilised for statistical analysis. The results of the present study were compared by ANOVA and Bonferroni's method for multiple comparisons. The level of significance was set at P,0·05.
Results
Effect of soya isoflavones on PMA-induced COX-2 mRNA expression
Cultures treated with PMA had a greater amount of COX-2 mRNA than did control cultures, the increase being greater than 500 %. The co-administration of daidzein, equol or genistein reduced the abundance of mRNA to a varying degree: genistein and equol appeared to be more potent than daidzein in inhibiting mRNA expression (Fig. 1) .
Western blot analysis on COX-2 protein in cultures treated with PMA and soya isoflavones After determining the quantities of mRNA, COX-2 expression at the protein level was also determined, as shown in Fig. 2 . PMA induced COX-2 protein expression, and treatment with daidzein, equol or genistein reduced the amount of protein. Autoradiographic images of COX-2 protein expression are shown in Fig. 2(A) , whereas Fig. 2(B) shows the average optical density obtained from two independent experiments.
Effect of soya isoflavones and inhibitors of PKC, PKA, and MAPK on PMA-induced hCOX-2 promoter activities MCF-7 cells were transfected with a hCOX-2 reporter construct, and luciferase activity was subsequently measured to reveal the transcriptional control of COX-2 expression. PMA induced luciferase activity 3-5-fold. The co-administration of 0·1, 1, 10 or 100 mM-daidzein, equol or genistein produced a dose-dependent inhibition of promoter activity (Fig. 3(A) ). Significant suppression occurred at 10 mM or above for the three isoflavones tested. Adding 10 mM of any of the isoflavones decreased the PMAinduced activity by 40 %. The combined effect of soya isoflavones on promoter activity was also addressed. Cultures treated with 2 mM of either genistein, daidzein or equol could not suppress the promoter activity induced by PMA. A significant reduction was, however, observed when the isoflavones were administered together. It appeared that the three isoflavones could initiate an additive effect (Fig. 3(B) ).
Previous studies have indicated that PMA triggers COX-2 expression with the involvement of PKA (Miller et al. 1998) , PKC (Subbaramaiah et al. 1998) or MAPK (ERK1/2; Sun et al. 2002) signalling pathways in different cell types, the predominant mechanism lying in the activation of AP-1/ CREB. 14-22 Amide, bisindolylmaleimide I and PD98059 are specific inhibitors of PKA, PKC and MAPK, respectively. The administration of inhibitors of PKC and MAPK substantially decreased hCOX-2 promoter-driven gene transactivation, whereas PKA inhibitor was not effective (Fig. 3(C) ).
Analysis of the PMA-induced hCOX-2 promoter profile HCOX-2 promoter segments activated by PMA were located by a series of truncated promoter reporter constructs. Figure  4 represents the PMA-induced activity for each construct normalised by the respective reporter activity without PMA treatment. Cultures transfected with COX-2D5 and COX-D6 had a lower activity than those transfected with the other promoter constructs among the PMA-treated samples. The data implied that AP-1/CREB and other unknown elements located in the segment 2 578/2 70 were responsible for the induced transcriptional activity.
Effect of soya isoflavones and inhibitors of PKC, PKA and MAPK on truncated hCOX-2 promoter-containing AP-1/CREB Because AP-1/CREB had been identified as a significant contributor to PMA-induced hCOX-2 transactivity, the AP-1/ CREB-positive and AP-1/CREB-negative truncated promoter constructs, i.e. COX-2D5 and COX-D6, were selected for subsequent analysis. The PMA-induced transactivity of COX-2D5 was erased by the administration of genistein, daidzein or equol, which represented a 50 % decrease in the total activity (Fig. 5(A) ). No significant difference in luciferase activity was observed for the same treatment performed on COX-2D6.
Inhibitors of PKC, PKA and MAPK were also employed to test for the signalling pathways involved in the AP-1/CREB transactivation. Bisindolylmaleimide I and 14 -22 amide treatments did not elicit any inhibition, whereas PD98059 was able to lower the induced COX-2D5 activity (Fig. 5(B) ). The result revealed a possible involvement of MAPK in AP-1/CREB activation of the hCOX-2 promoter.
Discussion
MCF-7 cells have been used as a model system for the study of oestrogen receptor-positive breast cancer (Simstein et al. 2003) and can be a viable model for studying the underlying mechanisms of soya's chemoprevention observed in animals (Upadhyaya & EL Bayoumi, 1998). Making use of this cell model, Isoflavone (µM) + PMA (1 µM) Fig. 3 . Effect of soya isoflavones and protein kinase inhibitors on phorbol 12-myristate 13-acetate (PMA)-induced cyclooxygenase-2 (COX-2) promoter activities. MCF-7 cells were seeded in twenty-four-well culture plates and transfected with hCOX-2 reporter plasmid and Renilla luciferase control plasmid. After 6 h transfection, the cultures were co-treated with 1 mM-PMA and: (A) 0·1, 1, 10, 100 mM-daidzein, equol or genistein; (B) 2 mM-daidzein, equol or genistein, or a combination of the isoflavones; (C) 1 mM-14-22 amide (14-22), 10 mg/ml bisindolylmaleimide I (BI) or 10 mg/ml PD98059 (PD). The cells were lysed and assayed for firefly and Renilla luciferase activities. The experiments were performed twice and similar results were seen. B Control; A 0 mM ; 0·1mM ; o 1 mM ; I 10 mM ; 100 mM. *Significant (P, 0·05) difference from cultures treated only with PMA.
we showed that all soya isoflavones tested were able to reduce the expression of COX-2 induced by PMA, and that reduction was regulated at the transcriptional level. Equol, a metabolite of daidzein, appeared to have comparable inhibitory potency to that of its precursor isoflavone.
In a study performed on colon cells, compounds with a resorcin-type structure suppress b-galactosidase reporter transcription driven by a fragment of hCOX-2 promoter . Genistein has been demonstrated to inhibit the promoter in these colon cells. The same phytochemical has not, however, been shown to inhibit COX-2 expression in human peripheral leucocytes stimulated with lipopolysaccharide and interferon-g (Richard et al. 2005) . Differences in cell type and stimulus may account for the negative result. In the present study, all soya isoflavones inhibited promoter activity in MCF-7 cells. Daidzein and equol also have the resorcin type of structure, as does genistein. The mechanism of COX-2 expression inhibition in breast cells may be comparable to that in colon cells.
The hCOX-2 gene has many putative transcriptional regulatory elements other than AP-1, for example AP-2, nuclear factor of activated T cells, nuclear factor for interleukin 6, nuclear factor kB and specificity protein-1, in its promoter region (Kosaka et al. 1994) . The functionality of these response elements is dependent on the specific stimuli and cell type. In the present study, the serial truncation promoter assay indicated that the binding activity of AP-1/CREB and unidentified elements within the sequence (2 578/2 70) was activated by PMA. The activity of AP-1/CREB was suppressed by soya isoflavones. The suppression by soya isoflavones of PMA-induced COX-2D1 activity was about 40 %, whereas that of PMA-induced COX-2D5 activity was about 50 %. Despite the fact that PMA induced other elements in the 2 578/2 70 region of hCOX-2, the effect of the isoflavones on AP-1/CREB appeared to be fully responsible for the suppression.
In the present study, the inhibitory effect of soya isoflavones on COX-2 expression through the inhibition of AP-1/CREB was also demonstrated. Inhibitors of PKC, PKA and MAPK were employed to establish a possible signalling pathway involved. Although the PKC and MAPK inhibitors could inhibit COX-2D1 promoter activity, reporter assay results from the truncated promoter with and without the AP-1/CREB sequence indicated that the actions of the inhibitors were drastically different. Bisindolylmaleimide I increased, whereas PD98059 decreased, the luciferase activity generated from AP-1/CREB-containing reporter plasmid. It appeared that the pattern of hCOX-2 promoter suppression by soya isoflavones was consistent with that of the MAPK inhibitor PD98059. The idea that soya isoflavones suppress COX-2 expression via a modulation of the MAPK pathway warrants further investigation. Tamoxifen can activate AP-1, which may lead to tamoxifen resistance in breast cancer cells (Altundag et al. 2004) . The suppression of AP-1/CREB by soya isoflavones in this study provides the basis for studying these phytocompounds as complementary supplements in tamoxifen therapy.
Previous studies have shown that dietary phytochemicals may inhibit PMA-induced COX-2 expression in human mammary and gastrointestinal epithelial cells, and differential effects in terms of AP-1 binding to its promoter have been reported. Curcumin suppresses COX-2 expression in gastrointestinal cells via an AP-1-dependent mechanism (Zhang et al. 1999) . In mammary cells, resveratrol (Subbaramaiah et al. 1998 ) and retinoic acid (Subbaramaiah et al. 2002a ) inhibit expression through AP-1 binding, whereas catechin curbs expression in an AP-1-independent mechanism (Kundu et al. 2003) . In addition, resveratrol inhibits PKCa-and ERK-1-induced hCOX-2 promoter activities (Subbaramaiah et al. 1998) . The magnitude of inhibition seen in the present investigation was comparable to that of resveratrol in the breast 184B5/HER cell line. In addition, the signalling pathway mediated by ERK-1, not PKC, was consistent with the suppression pattern of soya isoflavones on hCOX-2 promoter activity.
The dietary relevance of various genistein dosages in man has been reasonably established over many years of research. The major soya isoflavone metabolite in women is the glucuronide form, and the aglycone genistein constitutes only about one quarter of the total genistein present in the plasma (Zhang et al. 2003) . In a high soya-consuming country such as Japan, the average plasma concentration of total genistein is about 0·5 mmol/l in women (Morton et al. 2002) . Supplementation may give rise to plasma levels of about 1 mmol aglycone genistein/l (Izumi et al. 2000) . However, the additive effect of various soyabean phytochemicals has largely been overlooked. Some additive effect of isoflavones was illustrated in the present COX-2 promoter study. This collective force may be sufficient to initiate some physiological changes compared with those observed at high genistein concentrations.
In conclusion, we demonstrated that soya isoflavones down regulated COX-2 expression induced by PMA; the major mechanism behind this could be the counteracting of AP-1/CREB activity. The findings might have important implications in the chemopreventive application of soya isoflavones. Control PMA 14-22 14-22 BI BI PD PD 0·1 µM 1 µM 1 µg/ml 1 µg/ml 10 µg/ml 10 µg/ml (A) (B) Fig. 5 . Effect of soya isoflavones and protein kinase inhibitors on phorbol 12-myristate 13-acetate (PMA)-induced cyclooxygenase-2 (COX-2) COX-2D5 and D6 activities. MCF-7 cells were seeded in twenty-four-well culture plates and transfected with the truncated hCOX-2 reporter plasmid and Renilla luciferase plasmid. After 6 h transfection, the cultures were co-treated with 1 mM-PMA and 10 mM-soya isoflavone (A) or protein kinase inhibitors (B). The cells were lysed and assayed for firefly and Renilla luciferase activities. Values are means with their standard errors, n 3. B COX-2D1; A COX-2D5; p COX-2D6. a,b; g, u; d p Pairs of means that are significantly (P, 0·05) different.
